Abstract
consistent with internalisation, and promoted phosphorylation of downstream effectors. 23
Temporal phosphorylation profiles differed with AdipoR1 and AdipoR2 transduced signals 24 peaking at 15 min and 24 h. Analysis of receptor chimeras showed that the non-conserved N-25 terminal trunks (AdipoR1 and AdipoR2 ) define the temporal signalling profiles and 26 contain multiple regions that promote or inhibit cell-surface expression, respectively. These 27 findings highlight the importance of the non-conserved N-terminal trunks and demonstrate 28 
Introduction

34
Adiponectin is a key adipokine with demonstrated anti-diabetic, anti-inflammatory and anti-35 atherogenic properties (Scherer, 2006 ). Adiponectin's pleiotropic effects are mediated 36 through two atypical 7 transmembrane (7TM) domain receptors termed AdipoR1 and AdipoR2 37 (Hickman and Whitehead, 2012; Yamauchi et al., 2003) . Empirical evidence demonstrates that 38
AdipoR1 and AdipoR2 have intracellular N-termini and extracellular C-termini (Yamauchi et al., and P38MAPK (Cong et al., 2007; Deepa and Dong, 2009; Shibata et al., 2005; Wijesekara et 43 al., 2010; Yamauchi et al., 2007) . Coupling to these downstream effectors has been shown to 44 be modulated by proteins that interact with the cytoplasmic, N-terminal domains of both 45
AdipoR1 and AdipoR2, such as APPL1, RACK and protein kinase CK2 (Deepa and Dong, 46 2009; Heiker et al., 2009; Xu et al., 2009) , or with the non-conserved N-terminal trunk of 47 AdipoR1, namely ERp46 (Charlton et al., 2010) . 48 Emerging evidence indicates that obesity-related diseases are characterised not only by 49 hypoadiponectinemia but also by adiponectin resistance at the level of the adiponectin 50 receptors (Bruce et al., 2005; Chen et al., 2005; Kintscher, 2007; Lara-Castro et al., 2008; 51 Mullen et al., 2007; Rodríguez et al., 2008) . Thus, a greater understanding of the molecular 52 processes required to facilitate efficient adiponectin receptor coupling to intracellular 53 signalling pathways may be expected to provide new insights into pathophysiological events 54 and the identification of novel therapeutic approaches. 55 We recently reported that under steady-state conditions (no serum starvation) the cell-surface 56 expression of AdipoR1 and AdipoR2 differs. AdipoR1 is enriched in the plasma membrane 57
Flow cytometry was performed to determine the percentage of transfected cells that were 86 expressing AdipoR1 or AdipoR2 at the cell-surface. Flow cytometry was carried out using a 87
CyAn™ ADP Analyser (Beckman Coulter, Sydney, Australia) Quantitative measurement of total and cell-surface expression of AdipoR1 and AdipoR2 was 96 performed, in permeabilised and non-permeabilised cells respectively, using a plate-based 97 assay as described (Keshvari et al., 2013) . Briefly, parental HEK293 cells or transfected 98 HEK293 cells were incubated in either the presence or absence of serum at 37°C overnight. 99
Cells were incubated in 100% ice-cold methanol for 5 min to permeabilise (for measurement 100 of total receptor levels) or left non-permeabilised (for determination of receptors at the cell-101 surface). Cells were then stained with HA antibody followed by fixation with 4% 102
Paraformaldehyde. Cells were stained with an AlexaFluor 488-conjugated secondary 103 antibody. Signals were detected using the POLARstar Omega plate-reader (BMG Labtech, 104 Offenburg, Germany). 105
Immunofluorescence microscopy 106
Immunofluorescence microscopy of permeabilised and non-permeabilised cells was 107 performed as described (Keshvari et al., 2013) Western blotting of particulate fractions (enriched for the ER and PM that contain greater 121 than 90% of total cellular AdipoR1 and AdipoR2) was performed on parental and transfected 122 cells as described (Charlton et al., 2010) . 123
Statistical analysis 124
Data are presented as mean ± SEM. Significance was determined using one way ANOVA 125 followed by Tukeys test with statistical significance defined as p < 0.05. 126
Results
127
Serum starvation increases the cell-surface expression of AdipoR1 and AdipoR2. 128
We previously reported that under steady-state conditions the subcellular localisation of 129 AdipoR1 and AdipoR2 differed with around 50% of AdipoR1 present on the cell-surface 130 whilst AdipoR2 was localised predominantly at the ER (Keshvari et al., 2013) . We 131 subsequently demonstrated that the non-conserved, N-terminal trunks of AdipoR1 and 132 AdipoR2 (1-81) underpinned these differences (Keshvari et al., 2013) . To extend these studies 133
we first examined the cell-surface expression of transiently expressed, C-terminally HA-134 complementary plate-based assay was used to determine total and cell-surface levels ofAdipoR1 and AdipoR2. This approach revealed significantly increased cell-surface 142 expression of both AdipoR1 and AdipoR2 following serum starvation (Fig 1B) . Finally, 143 qualitative analysis by high resolution confocal microscopy suggested that the cell-surface 144 expression of AdipoR1 was increased in cells following serum starvation. We were unable to 145 detect cell-surface expression of AdipoR2 in non-permeabilised cells in steady-state or 146 serum-starved cells which probably reflects a limitation of this approach (Fig 1G-J) . These 147 results extend our previous findings (Keshvari et al., 2013) by showing that serum starvation 148 results in an increase in the proportion of AdipoR1 or AdipoR2 that is expressed on the cell-149 surface with the latter resulting in an increase in the number of cells with detectable cell-150 surface levels of AdipoR2. Notwithstanding, the levels of AdipoR2 on the cell-surface of 151 serum starved cells are still relatively limited compared to those of AdipoR1. 152
Adiponectin reduces cell-surface expression of AdipoR1 and AdipoR2. 153
We next went on to investigate the effect of serum, and more specifically adiponectin, on 154 receptor cell-surface expression. Following overnight serum starvation cells overexpressing 155 either AdipoR1 or AdipoR2 were incubated with 10% fetal bovine serum (FC) for 30, 60, 90, 156 120 and 240 min. Analysis by flow cytometry (Fig 2A-B) and microscopy ( Fig 2C-J ) 157 indicated that cell-surface expression of both AdipoR1 and AdipoR2 was reduced by 60% 158 and 90% after 30 min. To investigate the role of adiponectin more specifically we then used 159 serum from wild-type (WT) or adiponectin knockout (Adn -/-) mice. Serum from WT mice 160 promoted similar effects as the FC, whilst serum from Adn -/-mice was without effect ( Fig  161   2A-B) . Similar results were obtained following treatment with 2.5 µg/ml globular 162 adiponectin (gAd) (Fig 2A-B) . These results are consistent with the adiponectin-mediated 163 internalisation of AdipoR1 and AdipoR2 reported previously (Almabouada et al., 2013) , and 164 suggest this is a specific, ligand-mediated event.
Overexpression of AdipoR1 and AdipoR2 enhances adiponectin stimulated Akt, ERK 166
and P38MAPK phosphorylation. overexpressing cells (Fig 3C-E) . We then went on to perform dose response studies, treating 180 cells with increasing concentrations of gAd (0.5 -5.0 µg/ml) for either 15 min or 24 h. After 181 15 min, the phospho-Akt dose response was similar in AdipoR1 and AdipoR2 overexpressing 182 cells (Fig 3F) , although AdipoR1 typically mediated 10-20% higher phosphorylation than 183
AdipoR2. However, after 24 h the phospho-Akt dose response was markedly different. 184
AdipoR2 promoted robust Akt phosphorylation with as little as 0.5 µg/ml gAd whilst 185 AdipoR1 was without effect at concentrations up to 1.5 µg/ml gAd ( Fig 3I) . Coupling to 186 ERK and p38 MAPK also showed different characteristics with AdipoR1 exhibiting greater 187 transduction than AdipoR2 at 15 min, especially at gAd concentrations of 2.0 µg/ml or higher 188 (Fig 3G & H) . These differences became less marked after 24 h ( Fig 
The subcellular localisation of AdipoR1 and AdipoR2 is governed by multiple domains. 194
We previously reported that the non-conserved N-terminal trunks of AdipoR1 and 195
AdipoR2 underpinned the observed differences in cell-surface expression (Keshvari et 196 al., 2013) . To investigate this further we generated and characterised the cell-surface 197 expression of a number of chimera (Fig 4A) . Analysis by flow cytometry demonstrated a 198 striking profile, with increasing inclusion of the non-conserved trunk of AdipoR2 reducing 199 cell-surface expression whilst the converse was observed upon increasing content of the non-200 conserved trunk of AdipoR1 (Fig 4B) . These findings suggest there is not a single region or 201 motif within the non-conserved trunks that underpins the different cell-surface expression 202 profiles of AdipoR1 and AdipoR2 but that multiple regions contribute to these differences. 203
Next we characterised the signalling properties of the two chimera in which the entire non-204 conserved N-terminal trunks had been swapped (termed R1 (70) R2 and R2 (81) R1, respectively) 205 (Fig 4A) . In cells overexpressing R2 (81) R1 chimera the temporal profiles of Akt, ERK and 206 p38MAPK phosphorylation showed peak phosphorylation at 24 h whereas in cells 207 overexpressing R1 (70) R2 chimera phosphorylation peaked at 15 min (Fig 4C-E) . These 208 profiles closely resembled those of AdipoR2 and AdipoR1 respectively (see Fig 3A-C) , 209
indicating that key differences in the temporal signalling profiles of AdipoR1 and AdipoR2 210 are dictated by the non-conserved N-terminal trunks. 211
Cell-surface expression and downstream signalling of AdipoR1 and AdipoR2 is 212 regulated by conserved F(x) 3 F(x) 3 F and D(x) 3 LL motifs. 213
Two different motifs within the intracellular N-terminal trunk of AdipoR1 have been shown 214 to be essential for its efficient cell-surface expression (Juhl et al., 2012) . Mutation of an 215 acidic di-leucine motif ( 106 D(x) 3 LL) or a putative ER exit motif ( 121 F(x) 3 F(x) 3 F), which are 216 known to regulate trafficking of GPCRs (Bermak et al., 2001; Schulein et al., 1998) , resulted 217 in inhibition of cell-surface expression of AdipoR1 (Juhl et al., 2012) . Alignment of the 218 primary amino acid sequence of AdipoR1 and AdipoR2 from multiple species revealed 219 conservation of these motifs between AdipoR1 and AdipoR2 (Fig 5A) leading us to speculate 220 that these motifs would also be required for efficient cell-surface expression of AdipoR2. To 221 test this we generated and characterised the expression of AdipoR2, and AdipoR1, mutants in 222 which the key residues were mutated to alanine (termed R1/R2-FFF or R1/2-DLL where each 223 of the residues was mutated to A). Flow cytometry of serum starved cells revealed a 224 significant reduction in the cell-surface expression of AdipoR1-FFF and AdipoR1-DLL as 225 well as AdipoR2-FFF and AdipoR2-DLL constructs compared to the WT receptors (Fig 5B  226 
& F).
Furthermore, these constructs exhibited reduced adiponectin-stimulated 227 phosphorylation of Akt (Fig 5C&G) , ERK ( Fig 5D&H) and P38MAPK (Fig 5E&I) . These 228 results indicate that efficient cell-surface expression of AdipoR1 and AdipoR2 is required for 229 adiponectin signal transduction. 230
Discussion
231
In the current report we have elaborated the molecular details governing differential cell-232 surface expression and downstream coupling of the adiponectin receptors, AdipoR1 and 233 AdipoR2. We show that serum starvation increases cell-surface expression of both AdipoR1 234 and AdipoR2 and that, in contrast to serum from WT mice, serum from mice lacking 235 adiponectin fails to reduce receptor cell-surface expression consistent with receptor 236
internalisation. We also demonstrate that the temporal signal transduction profiles differ for 237 AdipoR1 and AdipoR2. Furthermore, we show that these differences are intrinsically Since the seminal discovery of the adiponectin receptors by Kadowaki and colleagues 258 (Yamauchi et al., 2003) a large body of evidence has accumulated which indicates that 259 adiponectin-stimulated activation of intracellular signalling pathways via the adiponectin 260 receptors is highly variable across cell-types and tissues (Hickman and Whitehead, 2012) . 261
The precise mechanisms for this variability remain relatively poorly understood but a numberof factors are likely to contribute. For example, the expression levels of AdipoR1 and 263
AdipoR2 differ across tissues and cell-types (Yamauchi et al., 2003) non-conserved N-terminal trunk was cloned and characterised (Yamauchi et al., 2003) . We 276 previously reported that a similar truncated construct exhibits increased cell-surface expression, 277 compared with full-length AdipoR2 (Keshvari et al., 2013) , and, in light of the current findings, 278
we predict that it would also show altered signalling profiles although this remains to be 279 determined. 280
In the present report we used gAd to investigate signalling mediated via AdipoR1 or AdipoR2 281 constructs in HEK293 cells. This recombinant form of adiponectin has been used widely by 282 others, as it represents a more homogenous, less variable product than full-length multimeric 283 adiponectin (Hickman and Whitehead, 2012) conditions where cell-surface expression of AdipoR1 was typically three-fold higher than for 291
AdipoR2. Moreover, sensitivity of AdipoR2-mediated Akt phosphorylation was significantly 292 greater than that for AdipoR1 after chronic (24 h) treatment, indicating far-greater longevity of 293 the AdipoR2 signal. These results were, at least to some extent, recapitulated when coupling to 294 ERK and p38MAPK was analysed. For both, AdipoR1-mediated phosphorylation peaked at 15 295 min whilst AdipoR2-mediated phosphorylation peaked at 24 h. To our knowledge, this is the 296 first time such differences in the temporal profiles of adiponectin signalling emanating from 297
AdipoR1 and AdipoR2 have been described. 298
Detailed analysis of a series of chimeric receptors revealed that the differential cell-surface 299 expression of AdipoR1 and AdipoR2 was defined by multiple regions within the non-conserved 300 N-terminal trunks indicating that no single motif underpinned the observed differences. 301
Moreover, functional investigations revealed that the temporal signalling profiles were also 302 determined by these non-conserved N-terminal trunks. 303
Two motifs (D(x) 3 LL and F(x)3F(x)3F) were previously reported to play a role in anterograde 304 trafficking of AdipoR1 (Juhl et al., 2012) . We demonstrated that these motifs are conserved 305 within the juxtamembrane region of AdipoR2 and are required for the efficient cell-surface 306 expression of both receptors. We found that mutation of either of these motifs inhibited cell-307 surface expression and adiponectin-stimulated phosphorylation of Akt, ERK and p38MAPK. Biochemistry 47, 11682-11692. 375 Maeda, N., Shimomura, I., Kishida, K., Nishizawa, H., Matsuda, M., Nagaretani, H., 376 Furuyama, N., Kondo, H., Takahashi, M., Arita, Y., et al. (2002) . Diet-induced insulin 377 resistance in mice lacking adiponectin/ACRP30. Nat Med 8, [731] [732] [733] [734] [735] [736] [737] Mullen, K.L., Smith, A.C., Junkin, K.A., and Dyck, D.J. (2007) . Globular adiponectin 379 resistance develops independently of impaired insulin-stimulated glucose transport in soleus 380 muscle from high-fat-fed rats. Am J Physiol Endocrinol Metab 293, E83-90. 381
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